Nanoimprint has the advantages of high throughput, sub-10-nm feature and low cost. However, the uniformity is a major concern of the pattern transfer fidelity across large area. In this study, the authors present a method for uniform printing by introducing a designed local mold deformation along the block boundary. This method is simple and effective. The shallow grooves are cut on the back of the mold along the boundaries defining the blocks of patterned features. The grooves absorb the most mold deformation and enable each block to lie on the substrate with close fit to obtain uniform pattern transfer over a large area. Both simulation and experimental investigations are conducted to verify the proposed approach. The results reveal that increasing the imprinting pressure will cause large mold deformation and affect the imprinted quality significantly. The method of cutting grooves can reduce the imprint defects and increase the uniformity in the patterned area. Using the proposed technique to fabricate 50 nm grates with the aspect ratio as high as 4 is proved successful. The results demonstrate a new imprint method of introducing the controlled local mold deformation for uniform imprint across large area.
INTRODUCTION
In the past decades of years, industrial technology which followed Moore's law has grown in semiconductor and integrated circuit. The crucial technology of photolithography has influenced the line width to be exposed. However, when the pattern feature goes below 45 nm, the photo-lithography process becomes difficult. The line widths are limited by the wavelength diffraction, posing a challenge in physics. The cost of manufacturing process and exposing equipment will increase when the pattern size decreases. For this reason, a low-cost and highthroughput manufacturing for nanostructures is essential.
The semiconductor industry works hard exploring every kind of technology in order to lead the industry following the Moore's law. Using the 193 nm light source in coordination with immersion technology, optical proximity correction (OPC) and phase shift mask (PSM) can achieve the exposed pattern of the 65 nm and 45 nm node; nevertheless, the 32 nm node technology is still to be developed. There are two potential methods for 32 nm node technology; one is developing shorter wavelength of the light source for exposure, and the other is nano-imprint lithography (NIL). Nano-imprint lithography allows for * Author to whom correspondence should be addressed. fast replication of nano-scale patterns. It is a promising technique for wide applications, including the electronic device, bio-sensor, micro-channel, high-density memory disk and optical-device.
Compared with other nano-scale fabrication techniques, it possesses the advantage of low cost and high throughput. To make this technology practical for industry, not only the high resolution but also be reliable patterning over a large area has to be achieved. Nano-imprint lithography was reported in 1995. 1 It has been developed since ten years, and there are three aspects concerned, namely the printing in nano-scale crucial dimension, 2 fabricating structure with high aspect ratio, 3 and imprinting on large area. 4 However, these three conditions have barely been satisfied at the same time in the reference.
Nano-imprint lithography patterns the resist with physical deformation using a mold. Therefore, the profile and its accuracy of mold surface determine the imprinted pattern. Most researches use the mold which features the patterns stick out of the datum plane of mold. To fabricate the pattern by this kind of mold, which usually applies the lift off process after nano-imprint lithography, the lift off process is difficult as the critical dimension decreases down to 100 nm. When the pattern feature goes beyond 100 nm, the etch process will substitute for the lift off process. If one uses the etch technique after nano-imprint lithography, the mold of the printing process will feature the pattern indented in the datum plane of mold. This kind of mold in nano-imprint lithography requires higher pressure than the mold which features pattern stick out of the datum plane of mold.
However, using large pressure will cause the mold deformation in pattern area and lead to non-uniformity of the imprinted pattern. For the same reason, using this kind of mold to imprint on large area is even more difficult. A few key points of this lithography have to be cleared in order to make it a sophisticated technique for industry.
In the commonly practiced thermal nano-imprint processes, the material of mold and substrate is silicon wafer. The surface quality of the silicon wafer is defined by total thickness variation (TTV) and bow/warp. Typical values of TTV and bow/warp are about 20 and 60 m, respectively. This quality is non-ideal for printing process of nano-scale pattern; therefore a high imprint pressure is needed to ensure the complete pattern transfer. However, the high imprint pressure causes mold deformation. In the printing process, such a mold deformation occurs in both patterned and non-patterned zones. 5 If the mold deformation occurs in patterned area, it will induce not only poor pattern quality, but also the non-uniform residual layer, for which the plasma etching after printing process becomes very difficult.
As the part was mentioned before, nano-imprint lithography has the ability of fast replication of nano-scale pattern. It provides the possibility to challenge the Moore's law. Up to now, nano-imprint lithography is short of the possibility of restraining the defects in a large area in single imprinting step. The problem limits its wide application. In this paper, the efforts are to increase the uniformity in large area printing.
CONCEPT OF BACK GROOVES ON IMPROVING UNIFORMITY
In the printing process, the mold deformation occurs in the large area imposing a great concern of the quality of the imprinted pattern. The uniformity is the major concern in nano-imprint lithography. This paper presents a new imprinting method that improves the quality of large imprinting area. The proposed designed local deformation leads the mold to lie easily and uniformly on substrate. The mold deformation during the printing process is concentrated in the non-patterned grooved zone and more uniform pattern in large area can be obtained. The common quality of silicon wafer surface is nonideal for nano-imprint, especially when the critical dimension of imprinted pattern decreases down to 100 nm. It will not only induce poor pattern quality, but also lead to the final defective product. The designed local mold deformation was adopted to improve the imprinting uniformity. The mold of this method has a thick rigid imprinting areas associated with thin cut grooves which provide the desired flexibility for imprint. The diagram is shown in Figure 1 . On the backside of mold, the grooves are cut within the non-patterned area. There is local mold deformation concentrated in the non-patterned grooves, and helps reduce the mold deformation in the patterned area. The printing uniformity is hence improved. The printing pressure can also be effectively lowered.
NUMERICAL ANALYSIS OF CONTACT

Method and Geometric Model
In this research, the final element method is selected to analyze the non-flat contact behavior between mold and substrate during imprinting process. The contact pressure and node displacement will be analyzed for the uniformity. The groove structure will be added to the back side of mold and its effect on the uniformity evalueted.
The software of finite element, ANSYS, is used. The simulation parameters are shown in Table I , and the schematic representation of the model is shown in Figure 2 . There are some assumptions made: the property of material is isotropic, and the inaccuracy of imprinting equipment and the roughness of mold and substrate surface can be neglected. The effect of curvature of mold surface, the nano-scale film of imprinted polymer and the nano-scale pattern on the mold surface are negligible.
Meshing
In this study, three kinds of elements, which are Plane42, CONTA171 and TARGE169, respectively, are selected, and the descriptions of elements are as follows. Figure 2 . Plane42 is used for the 2-D model of both mold and substrate. The element is defined by four nodes, and each of them has two degrees of freedom in the directions of x and y, respectively. The element has plasticity, creep, swelling, stress stiffening, large deflection, and large strain capabilities.
RESEARCH ARTICLE
CONTA171 and TARGE169 are the pair of element used in the ANSYS for contact behavior in the 2-D model with plane stress condition in mold and substrate, respectively. The contact behavior will take place between two lines of structures of mold and substrate; the finite element analysis usually defines one of the surface as "contact" surface and the other as "target" surface, and this "contact" surface is paired with the "target" surface. Contact element of CONTA171 is overlaid on "contact" surface of the elements of mold. Target element of TARGE170 is used to represent "target" surfaces for pairing with the element of substrate, and overlaid on "target" surface of the solid elements. Contact behavior occurs when the contact element penetrates the element of substrate and constitutes a contact pair. The silicon wafers were used for mold and substrate, of which Young's modulus and Poisson's ratio are 160 Gpa and 0.3, respectively.
Boundary Conditions and Solving
To restrain the degrees of freedom on required nodes, it is necessary to model the real condition. The degrees of freedom of nodes on the backside surface of the substrate are constrained to the degrees of freedom on Y direction. In order to approximate the imprinting state, the uniform pressure is applied to the back side of mold along the negative Y direction.
PREDICTION AND DISCUSSIONS
In Figures 3(a-c) , one can discover the common feature as follows. Figure 3(a) shows the contact pressure similar to that mentioned in the Ref. [6] . Compare Figures 3(a and b) , one can find that increasing the length of mold will cause non-uniform contact pressure and substrate distortion obviously. The reason is that when the pressure is applied, it will lead the element of mold to contact the element of substrate. The contact behavior will produce the side strain of the substrate element due to the Poisson's ratio. In the contact area, the contact behavior will cause the width of substrate element to increase, and the element deformation will cause compression between adjacent elements. The compression will be serious when the applied pressure increases. On the other hand, one can find that increasing the length of mold will cause the stress concentration in specific position which can be explained by strain energy. When the mold elements compress the substrate, the strain energy is stored in substrate. The strain energy must be released to conform to conservation of energy. However, the strain energy will be accumulated continuously in the imprinted area. The accumulated strain energy will increase when the length of mold increases. When the accumulation of strain energy is large enough, it must be released and then causes stress concentration, as shown in Figure 3 (b). Figure 3(c) shows the groove can reduce the stress concentration effectively, and the position of groove has the ability of releasing the strain energy. For this reason, the mold with groove has uniform contact pressure and node distortion in non-grooved area.
The standard deviation of contact pressure from X = 2500 to X = 4500 of Figure 3 (c) and Figure 3 (c) is shown in Figure 4 , which indicates the degree of non-uniformity in pattern area. One can clearly find that increasing the applied pressure will cause nonuniformity contact pressure and affect the imprinted quality significantly.
The grooves have the ability of improving the uniform contact in patterned area as confirmed in Figure 4 . The non-uniform contact behavior will occur on the grooves and the uniform imprint will be obtained in the patterned areas.
The foregoing results reveal that the large imprinted area will cause substrate distortion and non-uniform contact pressure easily. In order to solve this problem, the grooves are added to the backside of mold. Figure 5 shows the standard deviation of node of substrate surface displacement in pattern area at different size of groove. When the width of groove is equivalent, increasing the depth of groove will lead to more uniform contact in the pattern area. The simulation results reveal that the groove structure can increase the uniformity in the pattern area.
In Figure 6 , when the width of groove is increased, the standard deviation of node displacement will be increased across pattern area. The groove can release the strain energy nevertheless increase the node distortion near the groove. In order to exact analyze the effect of width of groove in the pattern area, different extent of node displacement will be selected and the variation in standard deviation of node displacement compared, as shown in Figure 7 . When the width of groove is increased, it will improve the contact uniformity near the center of pattern area but decrease the contact uniformity near the groove zone. In addition, increasing the imprinting pressure leads to more substrate distortion, whereas the grooves can considerably relieve these concerns in patterned area.
EXPERIMENTAL VERIFICATION
The color of pressure-sensitive film was observed after imprinting. Figures 8(a and b) are the results of without and with grooves on the back, respectively. Figure 8 (a) reveals that a part of the peripheral region is under higher pressure. The contact is more uniform across the printing area when there are grooves cut on the back of silicon wafer, as shown in Figure 8(b) .
To compare the traditional nanoimprint with the proposed technique, Figures 9(a) and (b) show the imprint results at 180 C, 25 bar and 7 min, respectively. The technique using back grooves allows for the successful pattern transfer in polymer, especially in large imprint area. More complete filling of mold cavity can be achieved when back grooves are applied. 
CONCLUSIONS
A successful nano-imprint lithography for industry requires not only the high resolution but also reliable transform over a large area. However, in the simulation, the imprinted structures are affected by surface quality of mold and substrate, especially in large imprint area. Increasing the imprinting force or mold area will cause the substrate distortion and affect the imprinted quality significantly. The grooves can improve the defects and increase the uniform stress distribution in the patterned area. The results demonstrate a new imprint method of introducing the controlled local mold deformation for more uniform imprint across large area. This technique enhances the nano-imprint performance in practice.
